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and conidia, respectively. Co-inoculation with atoxigenic isolates reduced aflatoxin up to 90% and, in some cases, more than predicted by competitive exclusion alone. Conidia contained up to 42 ppm aflatoxin B 1 , indicating airborne conidia as potentially important sources of environmental exposure. Aflatoxin-producing potential and sporulation were negatively correlated. For some VCGs, sporulation during co-infection was greater than that predicted by kernel infection, suggesting that some VCGs increase dispersal while sacrificing competitive ability during host tissue colonization. The results indicate both life strategy and adaptive differences among A. flavus isolates and provide a basis for selection of biocontrol strains with improved competitive ability, sporulation, and aflatoxin reduction on target hosts.
Aflatoxins, potent and carcinogenic mycotoxins produced by fungi in Aspergillus section Flavi, are frequent contaminants of food and feed crops. Aspergillus flavus is the most commonly isolated causal agent of aflatoxin contamination (5,54) of many crops, including maize, cotton, peanut, and tree nuts (21) . Levels of aflatoxins in food and feed crops are strictly regulated in many countries (53, 58) ; thus, aflatoxins can cause reduced crop value due to loss of premium markets. In the United States, for example, crops for human consumption cannot exceed 20 ppb of total aflatoxin (48) but certain crop components may contain more than 10 6 ppb (38) . Frequency and severity of contamination are influenced by both climate and the composition of resident A. flavus communities (1, 18, 34) .
Individual A. flavus isolates vary in many characteristics, including aflatoxin-producing ability, production and morphology of sclerotia, and sporulation (10, 54) . Groups of A. flavus designated as the L, S, and T strains are separated based on sclerotial morphology and colony characteristics (10) ; these groups are further subdivided into vegetative compatibility groups (VCGs) by a heterokaryon incompatibility system. VCGs are typically identified by complementation of nitrate nonutilizing auxotrophs, and members of the same VCG are considered to be members of the same clonal lineage (40, 47) ; sequence data confirm that isolates within a VCG are closely related and distinct from other VCGs (25, 28) . Phenotypic characteristics (i.e., size of sclerotia and aflatoxin-producing ability) are usually conserved within VCGs (5, 33, 44, 49) .
A. flavus communities in soils and on crops are composed of many VCGs (4, 31, 49) , with multiple VCGs occurring even in small components (i.e., 25-g aliquots of soil or individual cotton locules) (4) . Frequencies of strains and VCGs vary among fields and crops (1, 4, 13, 22, 30, 49) , and some VCGs are frequently isolated whereas others are rare (4, 31, 49) . Even though A. flavus apparently does not have host specificity (57) , distributions of different A. flavus lineages suggest that they may be adapted to specialized niches and exhibit competitive advantages in specific soils, hosts, regions, and seasons (7, 30, 35, 46) . In addition, variability in pectinase production among A. flavus isolates confers differential ability to utilize substrates (9, 17) and variation in virulence to plants (10) .
Because both individual isolates and communities of A. flavus vary in both virulence and aflatoxin-producing potential (10, 13, 27, 30, 54) , strain frequency is an important determinant of crop aflatoxin content (1, 13, 34, 52 ). An increase in the frequency of low aflatoxin producers in the A. flavus community results in lower concentrations of aflatoxin in crops (19) . The best demonstration of this is competitive exclusion of aflatoxin producers by atoxigenic isolates, a form of biocontrol that is used commercially to limit contamination in maize, cottonseed, pistachios, and peanut (14, 23) . Atoxigenic A. flavus isolates compete with aflatoxin producers and reduce crop aflatoxin content by lowering the average aflatoxin-producing potential of crop-associated fungal communities (12) . Although intraspecific competition is used to reduce contamination, variation among genetically diverse A. flavus in competitive ability has not been quantified. The current study sought to develop pyrosequencing assays to quantify competitive ability among A. flavus isolates belonging to 38 VCGs during infection of living maize kernels and to assess influences of competitive interactions on the extent to which maize becomes contaminated with aflatoxins.
MATERIALS AND METHODS
Fungal isolates and cultures. The VCG, origin, and single nucleotide polymorphisms (SNPs) for isolates used in this study are described in Table 1 . For simplicity, each isolate will be referred to by the VCG to which it belongs and, in this study, a VCG refers to a single isolate. Nitrate nonutilizing auxotrophs (niaD -) were used in this study both so that VCGs could be confirmed rapidly by complementation with tester mutants of the same VCG and to ensure that cultures consisted of a single genetic type. Isolates were grown from silica gel storage on 5/2 agar (5% V8 juice, 2% agar, pH 5.2) and conidial suspensions from plugs of mature cultures were maintained in vials (4-ml) containing sterile distilled water. Conidial suspensions from water vials were used to centrally seed plates of 5/2 agar for inoculum production.
Maize inoculations. Unbroken uniform-sized kernels (5 g) of grain from Pioneer hybrid 33B50 were disinfected by submersion in 80°C water for 45 s and added to 250-ml Erlenmeyer flasks that were subsequently sealed with gas-permeable BugStopper plugs (Whatman, Piscataway, NJ). A subsample of disinfected kernels was plated on agar to confirm viability and lack of contaminating fungi. To quantify competitive ability, one isolate from each of 38 different VCGs was co-inoculated with an isolate from VCG CG136 (Table 1) . Kernels inoculated with either CG136 alone or sterile water alone were included as positive and negative controls. Conidia of 7-day-old cultures were dislodged with sterile cotton swabs and suspended in 0.1% Tween-80. Suspensions were adjusted to 50,000 conidia in half the appropriate volume of water to bring total moisture of inoculated maize kernels to 25% (see below). Kernels were first inoculated with an isolate from 1 of the 38 VCGs by gently shaking (10 s) the kernels after the conidial suspension was added and, after 1 h, a conidial suspension of CG136 was similarly added to each flask. In a second experiment, kernels were inoculated with each isolate individually. After 7 days (31°C), inoculated kernels were dried (60°C, 48 h), conidia were washed from kernel surfaces with 0.1% Tween-80, turbidity was quantified (Model: Turbidometer; Orbeco Analytical Systems, Farmingdale, NY), and the quantity of conidia was estimated with a turbidity versus CFU standard curve. Aflatoxin and DNA were extracted independently from conidia and maize kernels as below. The co-inoculation and single inoculation experiments had four and three replicates per treatment, respectively, and each experiment was performed twice. Treatments were arranged in a randomized complete block design.
Aflatoxin extraction and quantification. Maize kernels were pulverized for 10 s in an analytical mill (IKA Works, Wilmington, NC). Ground kernel (≈1.5 g) was combined with 15 ml of 85% acetone in a 22-ml glass vial with Teflon septum. Vials were periodically inverted for 1 h, and sample extracts were separated alongside aflatoxin standards on thin-layer chromatography (TLC) plates (silica gelG, 250 µm) with H 2 O:MeOH:ether (1:3:96). Aflatoxins were quantified directly on TLC plates by scanning fluorescence densitometry (50) . Samples that were negative in the initial analysis were diluted with an equal volume of water and extracted twice with 5 ml of methylene chloride. Extracts were combined and dried, and residues were dissolved in sufficient methylene chloride to allow accurate densitometry. Half of the conidia were used for DNA isolation, half were dried (60°C, 24 h) and weighed, and aflatoxins were extracted with 2.5 ml of 85% acetone and quantified as above. Samples initially negative for aflatoxins were evaporated to dryness and dissolved in sufficient methylene chloride to allow accurate densitometry. The limit of detection was 20 ppb for kernels and 200 ppb for conidia. Isolates for which aflatoxin B 1 was not detected were considered atoxigenic for the purposes of this study. DNA isolation. DNA was isolated from 200 mg of pulverized kernel and half the conidia using the FastDNA SPIN Kit and the FastPrep Instrument (MP Biomedicals, Santa Ana, CA). Kernel and conidia DNA were diluted 1:10 and 1:100, respectively, with sterile purified water prior to polymerase chain reaction (PCR).
PCR and pyrosequencing. A pyrosequencing assay was developed to quantify proportions of conidia and kernel-infecting hyphae belonging to the CG136 isolate. Sequences of an intergenic region in the aflatoxin biosynthesis gene cluster (Afl) and the calmodulin gene (Cmd) were aligned for all isolates used in this study (Table 1) , and CG136-specific SNPs were identified. PCR and sequencing primers were designed using PSQ Assay Design Software (Qiagen, Valencia, CA). The primer pairs CG136-Afl-F (5′-TGGCAGCCTTTCCAATTTA-3′)/CG136-Afl-R (5′-TGAATCCCTCCCTGGATG-3′) and CG136-Cmd-F (5′-AGTTATCGTCGTTCGTGAAAATTG-3′)/CG136-Cmd-R (5′-TGGATAAAATTATGGCGGCTAAAA-3′) amplified portions of DNA containing the CG136-specific SNPs. Primers CG136-Afl-F and CG136-Cmd-R were 5′ biotinylated and high-performance liquid chromatography purified. A total reaction volume of 50 µl contained 1× PCR Buffer II (Applied Biosystems, Foster City, CA), 2.5 mM MgCl 2 , 0.2 mM dNTP mix, 0.2 µM each forward and reverse primers, 1.25 units of AmpliTaq Gold DNA Polymerase (Applied Biosystems), and 10 µl of template DNA. Reaction conditions were 95°C for 5 min; followed by 45 cycles of 95°C for 15 s, 56°C (Afl primers) or 53°C (Cmd primers) for 30 s, and 72°C for 15 s. A large number of cycles was used in order to fully consume the biotinylated primers so that they would not interfere with the pyrosequencing reaction. The final extension was at 72°C for 10 min. Amplicons (5 µl) were loaded on a 1% agarose gel in 1× Tris-borate-EDTA buffer, separated for 45 min at 100 V, stained with SYBR gold, and visualized under ultraviolet light in order to confirm amplicons of 233 and 174 bp for DNA amplified with CG136-Afl and CG136-Cmd primers, respectively.
Amplicons were prepared for pyrosequencing analysis using the Vacuum Prep Tool (Qiagen) as described previously (20) and according to the manufacturer's instructions. Briefly, biotinylated PCR products (40 µl) were bound to streptavidin-coated beads, captured on the Vacuum Prep Tool filter probes, washed with 70% ethanol, denatured to single-stranded DNA with 0.2 M NaOH, and washed with buffer (10 mM Tris-Acetate, pH 7.6). The beadbound single-stranded PCR products were then released into a PSQ 96 sequencing plate (Qiagen) containing sequencing primer (0.5 µM). Sequencing primer was hybridized to the singlestranded DNA by heating the plate to 90°C for 10 min and then cooling. Sequencing primers used for CG136-Afl and CG136-Cmd assays were CG136-Afl-S2 (5′-AAGGATCATTACCTTG-3′) and CG136-Cmd-S (5′-CTATAGGACAAGGACGG-3′), respectively.
Pyrosequencing was performed with the PSQ 96MA pyrosequencer according to the manufacturer's instructions (Qiagen). The basic principal of pyrosequencing is that dNTPs are added sequentially, and the pyrosequencing reaction produces light that is proportional to the quantity of nucleotides incorporated into the DNA strand. The intensity of the light signal is detected as a peak on a Pyrogram, and peak heights are used to calculate relative quantities of each nucleotide at each target location. Relative quantities of VCG CG136 DNA were calculated using the allele quantification option of the PSQ 96MA 2.1 software.
Data analysis. Quantities of conidia and aflatoxin B 1 were log transformed and percentage data were arcsine transformed prior to analysis. Data were combined across trials and analyzed as a mixed model using the SAS procedure GLIMMIX. The factors trial, block, and the interaction of trial × VCG were treated as random effects while VCG was treated as a fixed effect. Means from the combined trials were separated using Tukey-Kramer groupings for least square means. Correlations between dependent variables were performed between experiments on treatment means and within experiments on replicate values. For coinoculations, expected and observed relative concentrations of aflatoxin B 1 were calculated using values from the single VCG inoculation experiment and co-inoculation experiment, respectively. Expected values were calculated by multiplying the concentration of aflatoxin produced by VCG CG136 and the second VCG by their respective percentages as determined by pyrosequencing in the co-inoculation experiment and summing these values. Values for each replicate were calculated independently, and expected and observed values were compared using student's t test. For atoxigenic VCGs, percent displacement of CG136 and percent aflatoxin reduction were compared using a paired t test. When multiple t tests were performed, P values were adjusted using Bonferroni criterion. Statistical analyses were performed with SAS 9.1 (SAS Institute, Cary, NC).
RESULTS

Competition during co-infection.
VCGs differed significantly in competitive ability (P < 0.0001), with CG136 comprising 15.4 ± 2.2 to 54.3 ± 2.5% of A. flavus DNA in infected kernels (Fig. 1) . The least and most competitive VCGs retained similar rankings in both trials. VCGs ranked 1 (EB01), 2 (YV10), and 3 (WM01) in the first trial were ranked 2, 3, and 7 in the second trial. The three least-competitive (MR17, DV901, and YV13) were ranked 38 and 38, 37 and 37, and 36 and 35 in the two trials.
Sporulation during competition. CG136 comprised 16.4 ± 2.0 to 48.9 ± 4.6% of DNA from conidia produced on infected kernels. The VCGs that contributed the largest percentage of conidia during competition with CG136 (GC02, DV06, and YV150) were ranked 5 and 1, 4 and 2, and 1 and 5 in the first and second trials, respectively; VCGs that produced the smallest percentage of conidia (RB04, YV13, and MR17) were ranked 38 and 32, 34 and 38, and 36 and 36. There were significant differences among VCG pairs in total sporulation (P = 0.0002) ( Table 2 ). Conidia production was significantly different among co-infecting VCGs (Table 2 , P < 0.0003) and was only weakly correlated with the mean number of conidia produced when kernels were inoculated with the individual VCGs ( Table 3) . Quantities of conidia produced by CG136 were lower when it was co-inoculated with another VCG than when it was inoculated alone, and VCGs varied significantly in the extent to which they reduced sporulation by CG136 (P < 0.0001) ( Table 2 ). However, sporulation by CG136 was not significantly correlated with sporulation by the co-infecting VCG (Table 3) .
Relationship between kernel infection and sporulation. In co-inoculated kernels, the proportion of infecting hyphae attributable to CG136 was a poor predictor of the proportion of conidia attributable to CG136. This relationship only explained 33 and 21% of the variation in conidial proportions in the first and second trials, respectively (Fig. 2) . Although the correlation describing this relationship was highly significant (P < 0.0001), conidial and kernel proportions differed significantly for eight VCGs (Fig. 3) (paired t test, Bonferroni adjusted P < 0.0013). Four VCGs reduced CG136 kernel infection more than they reduced sporulation, and four VCGs reduced sporulation more than kernel infection.
Relationship between competitive ability and aflatoxin production. Concentrations and total quantities of aflatoxin B 1 produced by each of the toxigenic VCGs growing individually on maize kernels are presented in Table 4 . Aflatoxin B 1 concentrations were significantly different among VCGs in both infected maize kernels (P < 0.0001) and in conidia produced on kernels (P < 0.0001). Aflatoxin B 1 concentrations in conidia were lower than in kernels but the two concentrations were highly correlated (Table 3 ). The mean aflatoxin content of conidia was 20 ± 2% (range = 4 to 36%) of the concentration in kernels. However, the total quantity of aflatoxin contributed by conidia was only <0.1 to 3.3% of the total aflatoxin B 1 associated with infected kernels.
The aflatoxin-producing potential of a VCG grown individually on maize was not correlated with competitive ability as measured by the percent CG136 DNA in co-infected kernels (Table 3) . However, there was a weak but significant inverse correlation between aflatoxin-producing potential and both the proportion and total quantity of conidia produced during co-infection (Table  3) . Sporulation of single VCGs was not correlated with aflatoxinproducing ability (Table 3) . Overall, atoxigenic VCGs contributed a greater proportion of conidia than aflatoxin producers (73 ± 1 versus 66 ± 0.8% of the total conidia; student's t test, P < 0.0001) during co-infection. The 6 VCGs that produced the largest proportions of conidia were atoxigenic, and 7 of the 10 VCGs that produced the smallest proportions of conidia were aflatoxin producers.
As expected, the aflatoxin content of maize inoculated with one VCG was correlated with the aflatoxin content of both kernels and conidia from maize kernels co-infected with that VCG and CG136 (Table 3) . However, the combination of competitive ability and aflatoxin-producing potential (from single VCG inoculations) was not a reliable predictor of aflatoxin in coinfected kernels (Table 5) . Eight VCGs produced significantly lower aflatoxin B 1 in co-infected kernels than was predicted by multiplying the percent infecting hyphae by aflatoxin produced during single VCG inoculations (student's t test, P < 0.05). VCG BR02 was ranked higher than CG136 for aflatoxin production but, when co-inoculated with CG136, aflatoxin concentrations in the kernels were reduced 31% compared with kernels infected with CG136 alone. VCGs that produced less aflatoxin than CG136 were predicted to lower aflatoxin concentrations during co-infection but, for 15 and 19 out of 22 VCGs for kernels and conidia, respectively, the actual aflatoxin concentrations were lower than predicted based on aflatoxin-producing ability and percent displacement of CG136; 14 VCGs were significantly lower for either kernels, conidia, or both ( Table 5 ). None of the kernels or conidia from co-inoculated treatments had significantly more aflatoxin than expected.
Relationship between displacement of VCG CG136 and aflatoxin reduction by atoxigenic VCGs. Atoxigenic VCGs varied in ability to both reduce aflatoxin (P < 0.0001) and displace CG136 (P = 0.003) during infection of maize kernels ( Table 6 ). The quantity of aflatoxin B 1 in conidia from co-infected kernels was significantly different among atoxigenic VCGs (P = 0.02) but mean separations were not detected ( Table 6 ). The percentage of CG136 conidia produced during co-infection varied among atoxigenic isolates (P = 0.0009). There was a weak correlation between percent displacement of CG136 and percent aflatoxin reduction (kernels: r 2 = 0.24, P < 0.0001; conidia: r 2 = 0.14, P < 0.0001). Six of the VCGs had significantly higher levels of aflatoxin reduction than would be predicted by displacement of CG136 in the kernels, and three VCGs had less aflatoxin in conidia than would be predicted (Table 6) .
DISCUSSION
This is the first study to quantitatively compare competitive abilities of genetically diverse A. flavus during infection of a living host. Pyrosequencing allowed highly precise (standard deviation [SD] < 1%) quantification of competitiveness during maize co-infection. Living kernels were co-inoculated with equal amounts of standard and challenge VCGs. If the co-inoculated VCGs were equally competitive, the standard VCG would comprise 50% of A. flavus DNA at termination. However, observed proportions of the standard VCG were 15.4 to 54.3%, reflecting a wide range of competitive ability among the challenge VCGs. The co-infection experiment was performed twice, and differences among isolates in both proportion of total A. flavus DNA and ranking for competitive ability were reproducible, indicating that competitive ability is a characteristic of specific isolates. However, though each isolate belonged to a distinct VCG, we do not know if the observed competitiveness is a characteristic of the VCG or just the examined isolate. Recently, microsatellite markers were developed that reveal considerable variability within VCGs of A. flavus (28) . The gradient of competitive ability observed in this study suggests that multiple genes influence competitive ability. Further work will be required to determine whether competitive ability during host infection is more consistent within than between VCGs.
Intraspecific competition within A. flavus has been examined (15, 61, 62) but this is the first study to quantify variation in competitive ability among many isolates. Diverse assemblages of A. flavus exist both in soil and on crops (4, 31, 49) , and interactions among VCGs occur throughout the environment. Less-competitive VCGs would be expected to become rare or absent from the environment over time but divergent adaptations to different ecological niches or life strategies facilitate the coexistence of closely related microorganisms (36, 41, 42) . VCGs varied in both invasion of host tissues and sporulation during co-infection but the observation that the best colonizers were not the best sporulators indicates VCGs have different life strategies. Differences in strategy among VCGs might be explained by considering VCGs to express different proportions of two general strategies: strategy 1, colonize-disperse, and strategy 2, ramify-hold. Several isolates may coexist on a single ear of maize, with some succeeding by superficial infection followed by rapid sporulation (strategy 1: colonize-disperse) and others by deeply invading host tissues (strategy 2: ramify-hold).
Our results suggest that aflatoxin-producing ability has differential importance for the two strategies. During co-infection, atoxigenic isolates were better sporulators, on average, than toxigenic isolates. The top six sporulators were atoxigenic, suggesting that some atoxigenics favor colonize-disperse strategies. Although there was no correlation between toxigenicity and competitive ability during kernel invasion, aflatoxin-producing ability may favor ramify-hold strategies by providing selective advantage in retaining plant substrates by reducing herbivory (6) . Fitness costs associated with resistance to herbivory have been observed in plants (59) , and resources required for aflatoxin production may have a similar fitness cost reflected in reduced sporulation (51) . This is in contrast to studies that found a positive relationship between toxin production and sporulation in A. nidulans (63) , A. parasiticus, and A. flavus (60) . However, isolates were grown in axenic culture and not subject to the effects of competition; when nutrients are limiting, the cost of producing aflatoxin may reduce the reproductive capacity of the fungus. The S-strain may be an extreme example of the ramify-hold strategy because isolates typically produce few conidia and high concentrations of aflatoxin (10) .
The colonize-disperse strategy is epidemiologically important because even small differences in sporulation may have large influences on the composition of crop-associated A. flavus communities. For example, if isolate X has a three to two advantage over isolate Y, X will comprise 60% of the spores after one generation and more than 90% after six generations. Thus, isolates that contribute the greatest proportion of conidia during competition for host resources dominate A. flavus communities associated with crop production and have a proportional influence on contamination regardless of how competitive isolates are Table 1 . z Numbers of VCG CG136 and co-infecting VCG conidia were calculated by multiplying the total number of conidia by the percentage of each VCG as determined by pyrosequencing. Data were log transformed prior to mixed model analysis of the combined trials. The total number of conidia (P = 0.0002) and numbers of conidia produced by CG136 (P < 0.0001) and the co-infecting VCG (P = 0.0003) were significantly different among co-inoculation treatments. Means followed by the same letter are not significantly different with Tukey-Kramer groupings for least-square means.
during ramification of host tissues. This may be an important aspect of the success of atoxigenic strains in biocontrol of aflatoxin contamination (19) . In addition to infecting many plant species (21) , A. flavus is the second most common causal agent of Aspergillus infections in humans (29) , and frequently infects insects (55). St. Leger et al. (57) concluded that A. flavus lacks host specialization because, even though individual isolates vary in virulence, human-, insect-, and plant-derived isolates all cause disease in both the animal and plant kingdoms. However, Scully and Bidochka (55, 56) found host restriction after serial passage of A. flavus through an insect. Larval mortality did not increase but the number of conidia produced on the larvae did, and growth and sporulation on plant hosts declined. Increased sporulation during competition on a host may be an early adaptive step in the path to host specificity; increased reproduction on a host confers a more frequent association that may be important in evolution of host specificity from a generalist life strategy.
Differences in competitiveness of A. flavus isolates should be considered when selecting for resistant crops. Maize lines resistant to aflatoxin contamination are known (8) but host-specific interactions between crops and different A. flavus isolates have not been taken into account. Variation among VCGs in ability to overcome host defenses may have contributed to the observed differences in competitive ability. Isolates used in this study originated from soil and cottonseed from regions where both cotton and maize are grown (35) ; therefore, even though the isolates were not from maize, the VCGs exist in maize-cotton rotations. VCG frequencies on maize are unknown but it would be interesting to test the extent to which the most competitive VCGs in the current study are the most common on maize. Breeding for resistance should include the isolates most competitive and common on the target crop in order to optimize selection. Similarly, efficacy of biocontrol may be influenced by host specificity (37) , and competitive ability on a specific crop should be evaluated when selecting biocontrol strains.
Individual crop components are frequently infected with mixtures of A. flavus VCGs (4) and the resulting intraspecific interactions influence the extent to which crops become contaminated with aflatoxins. Effects of intraspecific competition on TABLE 3 . Pearson correlation coefficients between aflatoxin production and sporulation by individual vegetative compatibility groups (VCGs) of Aspergillus flavus, aflatoxin production and sporulation by VCGs co-inoculated with CG136, and relative quantities of VCG-specific DNA in co-infected maize kernels or conidia produced on co-infected maize kernels s Total conidia (coinfection) v Kernel DNA is the percentage of A. flavus DNA from co-infected kernels contributed by the non-CG136 VCG. This is a measure of VCG competitiveness. w Aflatoxin B 1 (ppb) in conidia produced on kernels inoculated with individual VCGs.
x Percentage of DNA from conidia contributed by the non-CG136 VCG during co-infection of kernels with CG136. This indicates sporulation relative to VCG CG136. y Total number of conidia produced by CG136 during co-infection with another VCG. This was calculated by multiplying the total number of conidia by the percentage conidial DNA from CG136. z Total number of conidia produced by the non-CG136 VCG during co-infection with CG136. This was calculated by multiplying the total number of conidia by the percentage of conidial DNA from the non-CG136 VCG. aflatoxin production were quantified in this and previous studies (11, 15, 16, 24, 27, 32, 61, 62) . The high resolution allowed by the pyrosequencing assay used in this study permitted identification of both isolates for which competitive exclusion is sufficient to explain aflatoxin reductions and isolates that reduce aflatoxin significantly more than predicted by competitive exclusion. This is similar to previously published observations where some atoxigenics apparently function by competitive exclusion alone (32) and others reduce contamination through a combination of competitive exclusion and a second, undefined mechanism that presumably disrupts aflatoxin biosynthesis independent of competition (15, 24, 61) . Although competitive exclusion is an important and dominant mechanism of biocontrol by atoxigenic isolates, influences on the regulation of aflatoxin biosynthesis through an unknown mechanism may be important to optimal reductions in aflatoxin contamination (15) . Similarly, two VCGs that alone produced higher concentrations of aflatoxin than CG136 reduced aflatoxin when co-inoculated with CG136. Competitive interactions may reduce aflatoxin contamination even when A. flavus communities are composed of high aflatoxin producers; therefore, complexity of the fungal community may be important in modulating the aflatoxin content of plant tissues.
In the current study, aflatoxin concentrations in maize kernels and in conidia produced on kernel surfaces were correlated in both the single isolate and co-infection experiments. Thus, as crop aflatoxin content increases, so does the aflatoxin content of associated conidia. Airborne mycotoxins have significant health implications (26) , and A. flavus is an important component of the airborne microflora in many environments (7, 43) . Weekly averages of A. flavus at over 400 CFU m -3 have been quantified in air from agricultural areas (7) . At this level, conidia of the most toxigenic isolate reported in the current study would result in daily exposure to 56 pg of aflatoxin B 1 , assuming a standard breathing rate of 1 m 3 h -1 . Use of strains for biocontrol results in high proportions of atoxigenic conidia without increasing the total quantity of A. flavus in the air (7) . This reduces exposure of humans and animals to aflatoxin via respiratory routes and, in so doing, may provide an additional health benefit of atoxigenic strain use (19) .
Previous measurements of competition during host infection have either relied on isolations of A. flavus and complementation of nitrate nonutilizing auxotrophs (nit mutants) to identify VCGs (12, 15) or used aflatoxin concentrations as a measure of competition between atoxigenic and toxigenic isolates (11, 16, 27, 61) . In this study, pyrosequencing was used to quantify the proportion of CG136 from mixtures of A. flavus DNA with a high level of resolution and reproducibility (SD ≤ 1%). Sampling error is greatly reduced here compared with estimates of VCG frequency by complementation of nit mutants (4, 15, 31) , where there is a low likelihood of identifying rare VCGs. With pyrosequencing, a VCG that is 1% of the total A. flavus in a sample can be detected. Real-time PCR can distinguish and quantify closely related microorganisms but is limited by the requirement for multiple primers or probes and the inaccuracy of quantification at the lower limits of detection (3, 39, 45) . With realtime quantitative PCR, variability increases as DNA concentrations decrease, and the limits of quantification can be as much as 100 times higher than the limits of detection (45) . For example, when competition between isolates of Pochonia chlamydosporia colonizing tomato roots was examined, fungal DNA was below limits of quantification in some replicates, so percentages of the target isolate were highly variable (coefficient of variation ≈100%) and significant differences among treatments could not be determined (3) . With pyrosequencing, SNPs can be used to quantify frequencies of multiple isolates simultaneously, and even small quantities of DNA can be analyzed using nested PCR (20) . Sensitivity and precision make pyrosequencing a useful tool for studying interactions in the environment among microorganisms for which sequence data is available. Table 1. x Kernel aflatoxin is the mean concentration of aflatoxin B 1 extracted from maize kernels after conidia were washed from the surface. All aflatoxin data were log transformed prior to analysis of the combined trials. Kernel and conidia aflatoxin were significantly different among isolates (VCGs) (P<0.0001). Means followed by the same letter are not significantly different with Tukey-Kramer grouping for least-square means. y Conidia aflatoxin is the mean concentration of aflatoxin B 1 extracted from conidia washed from the surface of the maize kernels. z Total kernel and conidia aflatoxin were calculated by multiplying the concentration of aflatoxin B 1 by the total dry weight of the kernels or conidia. The atoxigenic biocontrol strain AF36 (isolate YV36 in this study), which has been applied commercially to cotton (14) , ranked fifth for competitiveness among the atoxigenic isolates but second for aflatoxin reduction in kernels. AF36 reduced aflatoxin significantly more than predicted by competitive exclusion alone. Overall, AF36 ranked 13 among 38 isolates for competitiveness and was more competitive than the highest aflatoxin producers in this study. For reduction of sporulation by the co-infecting isolate, AF36 ranked fifth and displaced CG136 conidia by 78%. Superior competitive ability during tissue invasion and reproduction combined with excellent interference with aflatoxin biosynthesis help to explain the efficacy of AF36 in reducing aflatoxin contamination (14) . Identification of isolates with competitive abilities similar or superior to those of AF36 suggests that many highly effective atoxigenic strains may be available for use as biocontrol agents. Several of the isolates examined in the current work may have such value.
The pyrosequencing assays described in the current study may provide insights for selection of additional atoxigenic strains for biocontrol. Atoxigenic VCGs vary in ability to reduce crop y VCGs are ordered from highest to lowest aflatoxin producers on maize kernels inoculated with a single VCG. z Expected and observed values were calculated as described in the Materials and Methods; SE = standard error. Observed values followed by asterisks are significantly different from the expected relative concentration of aflatoxin B 1 (student's t test); * indicates P < 0.05; ** indicates significant after Bonferroni adjustment for multiple comparisons, P < 0.002. x Reduction = percent aflatoxin reduction, the percent reduction in aflatoxin B 1 concentrations relative to maize kernels infected with only VCG CG136. Percentage data were arcsine transformed prior to mixed model analysis of the combined trials. Means followed by the same letter are not significantly different with Tukey-Kramer groupings for least-square means. Displacement = percent displacement of VCG CG136, the percentage of Aspergillus flavus DNA from coinfected maize kernels contributed by the atoxigenic VCG. SE = standard error. Percent aflatoxin reduction and percent displacement were compared with a paired t test. Significant P values after Bonferroni adjustment for multiple comparisons is P < 0.004. y Kernels indicates co-infected maize kernels. z Conidia were washed from the surface of the co-infected maize kernels.
aflatoxin content when co-inoculated with aflatoxin producers (2, 11, 16) , and this is one criterion for selection of atoxigenics for biocontrol. In the current study, ability to reduce aflatoxins, competitive ability, and sporulation during competition were measured for each atoxigenic VCG; the most competitive isolates were not necessarily either the most effective at reducing aflatoxin contamination or the best sporulators. For example, VCG TI01 was the second most competitive of the 13 atoxigenic isolates but ranked 8 and 9 for aflatoxin reduction and sporulation, respectively. VCG DV06 was slightly less competitive than VCG TI01 but reduced toxin by 88% compared with 79% and comprised 83% compared with 67% of the conidia from coinfected maize kernels. Based on this study, DV06 has the potential to be a slightly more effective biocontrol strain than AF36. The best isolate for long-term biocontrol is one that both reduces aflatoxin on the treated crop and remains a dominant component of the A. flavus community over multiple years (19) . Understanding interactions between genetically diverse atoxigenic and toxigenic isolates will aid in the design of biocontrol strategies to induce long-term, relatively stable reductions in the average aflatoxin-producing potential of fungal communities.
